Duplications of human chromosome 2q13 have been reported in patients with neurodevelopmental disorder including autism spectrum disorder. Nephronophthisis-1 (NPHP1) was identified as a causative gene in the minimal deletion on chromosome 2q13 for familial juvenile type 1 nephronophthisis and Joubert syndrome, an autosomal recessive neurodevelopmental disorder characterized by a cerebellar and brain stem malformation, hypotonia, developmental delay, ataxia, and sometimes associated with cognitive impairment. NPHP1 encodes a ciliary protein, nephrocystin-1, which is expressed in the brain, yet its function in the brain remains largely unknown. In this study, we generated bacterial artificial chromosome-based transgenic mice, called 2q13 dup, that recapitulate human chromosome 2q13 duplication and contain one extra copy of the Nphp1 transgene. To analyze any behavioral alterations in 2q13 dup mice, we conducted a battery of behavioral tests. Although 2q13 dup mice show no significant differences in social behavior, they show deficits in spontaneous alternation behavior and fear memory. We also carried out magnetic resonance imaging to confirm whether copy number gain in this locus affects the neuroanatomy. There was a trend toward a decrease in the cerebellar paraflocculus of 2q13 dup mice. This is the first report of a genetic mouse model for human 2q13 duplication.
Introduction
Neurodevelopmental disorders are characterized by deficits in cognition, communication, and motor functions as a result of abnormal brain development (Moreno-De-Luca et al. 2013) . Neurodevelopmental disorders include autism spectrum disorder (ASD), schizophrenia (SCZ), attention deficit hyperactivity (ADHD), intellectual disabilities (ID), and specific learning disorder according to the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (American Psychiatric Association 2013). Genomic abnormalities such as copy number variants (CNVs) and single nucleotide variants (SNVs) are major causes for these disorders (Iossifov et al. 2012; Malhotra & Sebat 2012) . CNVs are defined as the deletion or duplication of a DNA segment larger than 1 Kb in size (Malhotra & Sebat 2012) . There have been significant associations between CNVs and ASD and SCZ (Liu & Takumi 2014) .
Deletions and duplications of human chromosome 2q13 are associated with neuropsychiatric diseases (Baris et al. 2006; Yasuda et al. 2014; Riley et al. 2015) . Homozygous deletions of 2q13 have been reported in patients with Joubert syndrome (JBTS), an autosomal recessive neurodevelopmental disorder characterized by cerebellar and brain stem malformation, called the molar tooth sign (MTS), hypotonia, juvenile nephronophthisis, developmental delay, abnormal eye movement, and cognitive impairment (Parisi et al. 2004; Louie & Gleeson 2005) . Among the genes in 2q13 region, recessive mutations of the nephronophthisis-1 (NPHP1) gene were originally identified in patients with juvenile nephronophthisis, a genetic kidney disease involving both tubules and glomeruli (Hildebrandt et al. 1997) . NPHP1 loss of function mutations gives rise to juvenile nephronophthisis, which may occur within JBTS (Parisi 2009 ). NPHP1 encodes nephronophthisis-1 (NPHP1), which contains an N-terminal coiled-coil structure, a Src homology 3 (SH3) domain flanked by two glutamic acid-rich domains, and a nephrocystin homology domain (NHD) (Otto et al. 2000) . The NPHP1 protein interacts with various ciliary proteins, including NPHP2, NPHP4, NPHP8, and Abelson helper integration site 1 (AHI1) through conserved domains and appears to function in cell division and intercellular signaling (Wolf 2015) . Nphp1-null male mice are infertile with oligoteratozoospermia, and both sexes show abnormal photoreceptor intraflagellar transport (Jiang et al. 2008 (Jiang et al. , 2009 . In contrast, the duplication of 2q13 has been found in patients with ID, ADHD, obsessive-compulsive disorder (OCD) and ASD (Baris et al. 2006; Yasuda et al. 2014) , although, like the heterozygous deletion, it can also be found in control individuals without the aforementioned disorders. The human genetic study has recently reported several CNV (2q13 duplication) cases with ASD (Moreira et al. 2014; Yasuda et al. 2014; Krumm et al. 2015) . The minimum overlapping region includes NPHP1. However, the significance of 2q13 locus including NPHP1 in the brain remains unclear, as no mouse models representing a 2q13 CNV are currently available.
Here, we generated bacterial artificial chromosome (BAC)-based transgenic mice, called 2q13 dup, that recapitulate human 2q13 duplication to address the consequences of copy number gain in this locus. We carried out behavioral tests to analyze any behavioral changes, and magnetic resonance imaging (MRI) to assess for a linkage between behavioral deficits and neuroanatomical changes that may underlie pathophysiology of patients with 2q13 duplication.
Results

Copy number alteration in mouse model for human 2q13 duplication
Duplications in human chromosome 2q13 have been reported in several neurodevelopmental disorders (Moreira et al. 2014; Yasuda et al. 2014; Krumm et al. 2015) (Fig. 1A) . The minimum overlapping genomic region corresponds to NPHP1. CNVs in this region are recurrent, arising from nonallelic homologous recombination, leading to the involvement of the same genomic interval in people with CNVs at this site. The mouse BAC DNA that corresponds to human 2q13, shown as RP23-305C5 in Figure 1B , containing Nphp1, Mall, a part of Mal, Tcell differentiation protein (Mal) and mitotic checkpoint serine/threonine kinase (Bub1), was microinjected into pronuclei derived from C57BL/6J mice. We obtained eight candidate founder lines of 2q13 dup mice that recapitulate the 2q13 duplication observed in humans. The copy number of Nphp1 in mouse genome was assessed by genomic qPCR using its different exons (exons 4, 11, and 20) . We identified two lines both including one additional copy of Nphp1 transgene derived from BAC DNA, named 2q13 dup #1 and 2q13 dup #2 (Fig. 1C) . We used the 2q13 dup #1 line as 2q13 dup mice in the following experiments. 2q13 dup mice were fertile and appeared to develop normally. The body weight and tissue weight of brain, kidney, and testis were similar between WT and 2q13 dup mice (Table S1) .
We measured Nphp1 mRNA expression in 2q13 dup mice using qRT-PCR. 2q13 dup mice showed a copy number-dependent increase in Nphp1 mRNA both in the whole brain and testis ( Fig. 2A,B) ; the Nphp1 mRNA expression in 2q13 dup mice was close to one and half times higher than that in WT mice. Similarly, 2q13 dup mice showed a copy numberdependent increase in Nphp1 protein in the testis (Fig. 2C,D) . Moreover, a similar copy numberdependent Nphp1 expression in the head lysate of embryonic day (E) 14.5 was also observed (Fig. 2E,  F) . Mall, which is partly included in the CNV interval in humans, was also over-expressed in a copy number-dependent manner (Fig. 2G ). Other genes in 2q13, Mal and Bub1, partially included in the BAC DNA, were not increased compared with those in WT (Fig. 2H,I ). These results indicate that copy number gains in 2q13 dup mice lead to measurable and functional consequences involving gene expression.
Social behavior in 2q13 dup mice
To observe the in vivo phenotypes of 2q13 dup male mice, we carried out a comprehensive battery of behavioral tests including detailed social behavioral tests (Table S1 ). Considering a link of human 2q13 duplication to ASD, we evaluated social interaction Figure 1 Copy number alternation in 2q13 dup mice. (A) Schematic representation of human chromosome 2q13 using UCSC Genome Browser (assembly hg19) indicating the duplicated region for sixteen individuals with ASD. Each patient is shown in gray bars. The minimum overlapped region (blue box) includes NPHP1. The information is derived from the Simons Foundation Autism Research Initiative (SFARI). (B) The BAC DNA (RP23-305C5) contains 158.90 kb (chr2: 127,652,595-127,811,489) genome with four genes, Nphp1, Mall, and a part of Mal and Bub1. This information is derived from Ensembl Genome Browser. (C) The BAC copy number was confirmed by qPCR of tail genomic DNA using three different primer pairs located on Nphp1 (ex4, ex11, and ex20, respectively). Two BAC transgenic mouse lines, 2q13 dup #1 and #2, contained one extra copy of Nphp1.
with both the three-chamber social interaction and reciprocal social interaction tests. The three-chamber social interaction test has been widely used to characterize the social behavior of rodent models (Silverman et al. 2010) . The test mouse was placed in the center chamber and could move freely among the three chambers. A stranger mouse was placed in one of the side chambers in a wire cage, and only a cage was placed in the opposite chamber. Both WT and 2q13 dup mice tended to interact with the stranger mouse, and the time spent with the stranger mouse in the quadrant location was significantly higher than that of the empty side ( Fig. 3A; WT, t 32 = À4.81, P < 0.01; 2q13 dup, t 32 = À6.81, P < 0.01), indicating 2q13 dup mice have normal sociability. Next, to test for social novelty, the interaction time with a novel mouse and a familiar mouse was compared. Both WT and 2q13 dup mice spent more time around the cage of a stranger mouse than that of a familiar mouse ( Fig. 3B ; WT, t 32 = À3.59, P < 0.01; 2q13 dup, t 32 = À2.39, P < 0.05), indicating that 2q13 dup mice have normal preference for social novelty. Both genotypes preferred contact with the novel mouse in all sessions, indicating that 2q13 dup mice have intact olfactory abilities. Furthermore, in the one-chamber reciprocal social interaction test, social interaction (E) Representative images of Western blot of Nphp1 protein in E14.5 head of 2q13 dup mice and age-matched littermate WT mice (n = 3 mice per group) and adult brain. Lysate of testis and liver was used as positive and negative control, respectively. b-actin was used as a loading control. (F) Quantification of Nphp1 protein in E14.5 head normalized to WT. (G-I) Mall (G), Mal (H), and Bub1 (I) mRNAs were quantified in the adult whole brain or testis normalized to WT (n = 4 mice per group). Mall was significantly increased compared to mean of WT (G). Student's t-test, error bars indicate SEM, *P < 0.05, **P < 0.01. time was not different between WT and 2q13 dup mice ( Fig. 3C ; t 14 = À0.37, P > 0.05). To evaluate social communication of 2q13 dup mice, we assessed infant calls at P7 after isolation from their dams by measuring USVs, which are one of the major communication tests in rodents (Silverman et al. 2010) , Figure 3 Social behavior in 2q13 dup mice. (A, B) WT (n = 17) and 2q13 dup (n = 16) mice were tested in the three-chamber test. (A) In the test of the sociability, an empty wire cage was placed in one of the side of the chamber (Empty), and a stranger mouse was restricted in the opposite chamber in a wire cage (Stranger). (B) In the test of social novelty, mice were given a choice between spending time with an unfamiliar mouse or a familiar mouse. A familiar mouse that was used in the sociability test (A) is placed in a cage in the chamber on one side (Familiar) and a novel stranger mouse is placed in the chamber on the other side (Stranger). (C) WT and 2q13 dup mice were tested in the direct reciprocal social interaction test (n = 8 mice pair per group). The time spent in direct interaction between mice was measured. (D) WT and 2q13 dup mice were analyzed in the pup ultrasonic vocalization at P7 (n = 15 mice per group). The black line represents the median for each genotype. (E-H) WT and 2q13 dup mice were tested in the Barnes maze test to assess spatial memory and inflexibility (n = 16 for WT and n = 17 for 2q13 dup). (E, F) During the acquisition training phase, data are measured as latency to the hidden escape box over the 6 days of acquisition. In the probe test, data are measured as time to explore around the position where the escape box was located. The hole at 0 degrees is the correct hole (target). (G, H) In reversal learning phase, the target was moved 180 degrees from the acquisition training phase. The mice were given 4 days of acquisition trials for reversal training. Both genotypes learned the location of the new target to a similar extent. In both genotypes, latency was decreased across days and no difference between genotypes. (A-C, F, H); Student's t-test, (D); Mann-Whitney U-test, (E, G); two-way repeated-measures ANOVA, error bars indicate SEM, **P < 0.01, *P < 0.05. and in pups, USVs can be used to examine anxiety behavior (Fish et al. 2000; Takahashi et al. 2009 ). Although the call number of 2q13 dup mice tended to decrease, we observed large individual differences in USVs even in the same genotype, and therefore, no significant difference between WT and 2q13 dup mice was found ( Fig. 3D ; F 1, 28 = 1.06, P > 0.05). In addition, we measured body temperature and weight of pups, because the number of USV call is dependent on these parameters (Hofer et al. 1993) . There was no difference of these parameters between genotypes (Table S1 ).
To measure behavioral inflexibility, we habituated mice and then analyzed their responses to a change in routine using a reversal task in the Barnes maze (Nakatani et al. 2009 ). The Barnes maze is a circular white platform with 12 holes. One of the holes exits into a dark box, called target, initially placed at 0 degrees. First, to assess spatial and learning memory in 2q13 dup mice, mice were trained to locate the target for 6 days. Latency to enter the target was gradually reduced in both genotypes ( Fig. 3E ; F 1, 155 = 0.002, P > 0.05), indicating that spatial learning of 2q13 dup mice was not impaired. Both WT and 2q13 dup mice spent time near the target (0 degrees) in the probe trial and there was no significant difference between two genotypes ( Fig. 3F ; time spent at target, t 31 = À0.09, P > 0.05). The target was then moved to the opposite side to perform the reversal task. The latency for reversal training for 4 days between WT and 2q13 dup mice was not changed ( Fig. 3G ; F 1, 93 = 0.06, P > 0.05). Both WT and 2q13 dup mice could recognize the new target hole, and the time spent around the new target and 180 degrees point was not significantly different between genotypes ( Fig. 3H ; time spent at target, t 31 = 1.79, P > 0.05; time spent at 180 degrees/opposite, t 31 = 1.18, P > 0.05).
2q13 duplication affects spontaneous alternation behavior and cued fear memory
In the spontaneous alternation Y-maze test, 2q13 dup mice had a significantly decreased percentage of spontaneous alternation compared with WT ( Fig. 4A ; t 32 = À3.85, P < 0.01). In contrast, no difference of the total number of arm entries and moving distance was observed ( Fig. 4B ; t 32 = 0.54, P > 0.05, Fig. 4C ; t 32 = À0.22, P > 0.05). These results indicate spatial working memory of 2q13 dup mice showed a spontaneous alternation impairment. In the fear-conditioning test, no difference was observed between WT and 2q13 dup mice in freezing responses to a foot shock in the training session ( Fig. 4D ; F 1, 224 = 0.56, P > 0.05) and freezing rates in the contextual condition ( Fig. 4E ; F 1, 128 = 0.004, P > 0.05). The total freezing rate in the tone-cued condition was different between WT and 2q13 dup mice ( Fig. 4F ; F 1, 160 = 7.75, P < 0.01, min 1-6: P = 0.009, min 1-3: P = 0.052, min 4-6: P = 0.037). However, the freezing rate of 2q13 dup mice was decreased not only in a toned phase (min 4-6) but also in a pretone phase (min 1-3). Thus, the difference might be caused not by tone but by other effects. Also, in the contextual condition, there was no difference between WT and 2q13 dup mice. These results indicate that 2q13 duplication did not affect contextual fear memory but cued fear memory and spontaneous alternation behavior.
Other behavioral tests
There was no significant difference between WT and 2q13 dup mice in the other behavioral tests ( Fig. 5 and Table S1 ). As anxiety-related behavior tests, we carried out light/dark transition and elevated plus maze test (Fig. 5A,B) . Both tests showed 2q13 dup mice showed behavior in a similar extent to WT mice ( Fig. 5A ; dark, t 31 = 0.91, P > 0.05, light, t 31 = À0.91, P > 0.05, Fig. 5B ; open arms, t 32 = 1.23, P > 0.05, closed arms, t 32 = À0.41, P > 0.05). In the open-field test, 2q13 dup mice showed similar total distance travelled and time spent in the center area to WT mice ( Fig. 5C ; t 32 = 0.75, P > 0.05, Fig. 5D ; t 32 = 0.54, P > 0.05). Thus, 2q13 dup mice have normal exploratory activity and novelty induced anxiety. To evaluate motor coordination/learning of 2q13 dup mice, the rotarod test was conducted. Both WT and 2q13 dup mice showed longer latency time to fall at the second day than the first day, suggesting that 2q13 dup mice have normal motor coordination/learning ability ( Fig. 5E ; Day 1, t 32 = 1.01, P > 0.05; Day 2, t 32 = À0.39, P > 0.05). Then, we investigated acoustic startle response and PPI for testing the sensory-motor integration. Both genotypes showed normal sensory-motor integration and no significant difference ( Fig. 5F ; t 32 = À0.631, P > 0.05, Fig. 5G ; F 1, 128 = 0.01, P < 0.05). Combined these data with other behavioral tests, sensory processing seemed to be intact in 2q13 dup mice. Finally, we conducted the tail suspension test to observe the depressive-like behavior and the immobility time of 2q13 dup mice was similar to WT mice ( Fig. 5H ; F 1, 160 = 0.05, P < 0.05).
Brain structure and morphology in 2q13 dup mice To evaluate whether 2q13 duplication affects the neuroanatomy, we scanned ex vivo brain samples using high-resolution MRI in the 2q13 dup mice. In assessing absolute volume differences (mm 3 ) in Figure 6A , there were trends toward an increase in the frontal cortex area 3 and primary somatosensory cortex, and a decrease in the paraflocculus in 2q13 dup mice (Fig. 6A , Table S2 and Fig. 6B ; t 15 = 3.41, P < 0.01, Fig. 6C ; t 15 = 2.80, P < 0.01, Fig. 6D ; t 15 = À2.58, P < 0.05, q > 0.05). However, nothing was deemed to be significant when multiple comparisons were taken into account. In assessing the relative volume differences in Figure 6F , which are normalized by total brain volume, there were also no significant differences between genotypes. The trends seen with absolute volume in the frontal cortex area 3 and primary somatosensory cortex were not seen with relative volume (Fig. 6F , Table S3 , Fig. 6G ; t 15 = 1.11, P > 0.05, Fig. 6H ; t 15 = 1.08, P > 0.05), and this may be because brain volume of 2q13 dup mice was slightly bigger than that of WT mice (Fig. 6E t 15 = 0.75, P > 0.05). The cerebellar paraflocculus, however, still showed a trend toward decrease (Fig. 6F , Table S3 , Fig. 6I ; t 15 = À3.51, P < 0.01, q > 0.05). 
Discussion
NPHP1 in human chromosome 2q13 is a known genetic cause for nephronophthisis associated with autosomal recessive genetic disorder, JBTS. Homozygous and compound heterozygous mutations of NPHP1 have been reported in patients with JBTS (Parisi et al. 2004) . Notably, deletion of NPHP1 in patients with ASD has also been reported (Roberts et al. 2014) , and animal models of homozygous Nphp1 deletion showed male infertility and abnormal photoreceptor intraflagellar transport; however, the functions in the brain are still elusive (Jiang et al. 2008 (Jiang et al. , 2009 ). However, duplication of the NPHP1 gene on chromosome 2q13 was reported as a novel CNV, and there have been isolated case reports of duplications at this locus in people with different neurodevelopmental disorders (Baris et al. 2006) . However, no genetic animal models that recapitulate human 2q13 duplication have been reported to date. Here, we generated BAC transgenic mice mirroring human 2q13 duplication.
In this study, we used a comprehensive behavioral test battery to analyze the phenotypes of 2q13 duplication. 2q13 duplication affected spontaneous alternation behavior in Y-maze and cued fear memory in fearconditioning test although other behaviors including social behavior were normal. Y-maze spontaneous alternation is used for testing exploratory activity and spontaneous alternation as a form of working memory (Hughes 2004; Tamada et al. 2010; Nomura et al. 2016) ; however, we cannot rule out the possibility that the difference found in this study is simply due to greater tendency to use the strategy in WT mice as the procedure used here is a simple one. Alternatively, motivation to explore novel place or anxiety to novelty may be different between 2q13 dup and WT mice. In fear-conditioning test, we found the freezing rate of 2q13 dup mice was decreased not only in a toned phase but also in a pretone phase. This may imply 2q13 dup mice possess better pattern separation compared with WT. Further detailed analyses are required to verify these possibilities.
Using MRI, we examined whether 2q13 duplication affects the neuroanatomy. 2q13 dup mice trended toward having a decreased volume of cerebellar paraflocculus compared with WT. Interestingly, an animal model of human 22q11.2 deletion showed similar decreases in the paraflocculus (Ellegood et al. 2014) . However, the mechanism of cerebellar involvement in cognitive function including the spatial working memory remains elusive (Wang et al. 2014) . Accumulating animal studies support these possible interactions: Several ASD mouse models show cerebellar associative sensory learning defects (Piochon et al. 2014; Kloth et al. 2015) . This study emphasizes the possibility that the cerebellum may not only regulate movement but also be involved in nonmotor functions, such as cognitive functions and social behavior, and underscores the need for further analyses to solve this question.
As the human 2q13 CNV includes not only NPHP1 but also part of MALL, we cannot exclude MALL's effects on phenotypic abnormalities in patients with 2q13 duplications. However, MALL is unlikely involved in this pathology because no MALL gene mutant has been detected in juvenile nephronophthisis patients (Hildebrandt et al. 1997; Lindstrand et al. 2014) . Nphp1-null mice lack major phenotypes of retinal degeneration in nephronophthisis (Jiang et al. 2008 (Jiang et al. , 2009 ) and do not recapitulate ). Anything shown in orange indicates 2q13 dup mice are larger in that area, and in blue indicates smaller than WT mice. The white arrow points to the paraflocculus. (B-E) Shown are bar graphs of frontal cortex: area 3 (B), primary somatosensory cortex (C), paraflocculus (D), and total brain (E) in 2q13 dup mice compared to WT mice. Student's t-test, error bars indicate SEM, *P < 0.05, **P < 0.01. FDR values, q > 0.05. n = 7 for WT and n = 10 for 2q13 dup. Note that these are indicative of only trends as they do not hold up to multiple comparisons. (F-I) Relative volume (F) coronal slices highlighting the effect size difference between 2q13 dup mice and corresponding WT mice. The effect size differences are shown for relative volume differences normalized by total volume (% total brain vol.). Anything shown in orange indicates 2q13 dup mice are larger in that area and in blue indicates smaller than WT mice. The white arrow points to the paraflocculus. (G-I) Shown are bar graphs of frontal cortex: area 3 (G), primary somatosensory cortex (H), paraflocculus (I) in the 2q13 dup mice compared to WT mice. There was no significant difference in frontal cortex: area 3 and primary somatosensory cortex. The relative volume of paraflocculus in 2q13 dup mice was smaller than that of WT. Student's t-test, error bars indicate SEM, **P < 0.01. The FDR value of paraflocculus is q = 0.2741. n = 7 for WT and n = 10 for 2q13 dup. Note that these are indicative of only trends as they do not hold up to multiple comparisons. the phenotypes of nephronophthisis patients. This might be explained by compensatory mechanism through other members of nephrocystins, because double knockout mice of Nphp1 and, its interacting partner, Ahi1 show major phenotypes (Louie et al. 2010) . Similarly, 2q13 dup mice (only one extra copy of Nphp1) might show weaker phenotypes than expected, including normal social behavior. Moreover, environmental factors or gene-environment interactions may be needed to understand the pathogenesis of ASD-related phenotypes in patients with 2q13 duplication, especially given the presence of this duplication in control populations. Yoshizaki et al. have recently reported that paternal age can be an environmental factor that affects offspring's behavior (Yoshizaki et al. 2016) . This issue will be an important factor for taking into account before conduct behavioral analysis.
Experimental procedures
Generation of 2q13 dup mice 
Genotyping by PCR
Genotyping was carried out by PCR using rTaq DNA polymerase (TOYOBO, Tokyo, Japan). The tail genome was used for template. The reaction was first incubated at 95°C for 1 min, followed by 40 cycles at 95°C for 15 s, 57°C for 15 s, and 72°C for 1 min. Primers targeted the SacB gene from the BAC vector. The following primers were used for SacB (5 0 -ATGAACATCAAAAAAATTGTAAAACAAGCC-3 0 and 5 0 -GAAGTGATCAGCGGCTTCATTACTT-3 0 ).
Copy number analysis
Five ng of genomic DNA was used in quantitative PCR (qPCR) with Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The reaction was first incubated at 50°C for 2 min and then 95°C for 10 min, followed by 40 cycles at 95°C for 30 s and 60°C for 1 min. The following primers were used to assess copy number of Nphp1 ex4 (5 0 -TGGGGAACTATGAGCAGAGG-3 0 and 5 0 -TTGAG AGCGTCTTTCCTGCT-3 0 ), ex11 (5 0 -TGTCGAGACCA AGTCGTGTT-3 0 and 5 0 -CGGATGTGTCTGAGAAC-3 0 ), ex20 (5 0 -GGAAAGCCATTGCTGACTTC-3 0 and 5 0 -TCT GCTCCGAAAGGTCAAAT-3 0 ). qPCR was carried out using the ABI PRISM 7900HT sequence detection system (Applied Biosystems).
Quantitative reverse transcription PCR (qRT-PCR)
The amount of Nphp1 mRNA was measured by qRT-PCR. Total RNAs were extracted from adult brains and testes using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription (RT) was carried out according to manufacturer's instructions (Thermo Fisher Scientific). The qPCR was first incubated at 50°C for 2 min and then 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The following primer pairs were used for Nphp1 
Western blotting
The adult whole brains, embryonic day (E) 14.5 heads, and testes tissue were lysed by sonication in ice-cold lysis buffer [20 mM Tris-HCl (pH7.4), 150 mM NaCl, 2 mM EDTA, 0.5% NP-40, 1% Nadeoxycholate, 0.1% SDS, 50 mM NaF, 1 mM Na 3 VO 4 , 2 lg/mL aprotinin, 1 mM PMSF] and centrifuged at 4°C for 10 min at 17,500 g. The supernatants were assayed for protein concentration using the bicinchoninic acid (BCA) kit (Sigma-Aldrich, St Louis, MO, USA). Supernatants were diluted with 49 SDS-sample buffer and boiled for 10 min and then run on a 10% SDS-PAGE gel. Antibodies used were rabbit polyclonal anti-Nphp1 (SAB1401267, Sigma-Aldrich) and mouse monoclonal anti-b-actin (A2066, Sigma-Aldrich). Immunoreactive bands were detected by the ODYSSEY Infrared Imaging System (LI-COR, Lincoln, NE, USA). Relative Nphp1 intensity was normalized to b-actin.
Behavioral tests
The behavioral tests were carried out as previously described (Nakatani et al. 2009; Tamada et al. 2010; Hattori et al. 2012) unless otherwise stated. Two to five mice were housed in a cage. Mice were kept in 12-h light/dark cycle (light on at 8:00) with ad libitum access to water and food. All the experiments were carried out with human 2q13 duplication transgenic (2q13 dup) and wild-type (WT) littermates by breeding et al. 2015) . We also recorded ultrasonic vocalizations (USVs) using other 2q13 dup and WT pups at postnatal day (P) 7 (n = 15 each). All behavioral experiments were carried out during light phase. The interval of different behavioral test was at least 2 days. All experimental protocols were approved by the RIKEN Animal Care and Use Committee.
Light/dark transition test
The apparatus consisted of a cage (21 9 42 9 25 cm) divided into two chambers of equal size by a partition with a door (O'Hara & Co., Tokyo, Japan). One chamber was bright condition (250 lx), and another chamber was dark condition (1 lx). Mice were placed into the dark chamber at first and allowed to move freely between the two chambers for 10 min, whereas the door remained open. The distance traveled, time spent in each chamber, latency to first transition, and transition number were recorded using TimeLD4 for light/dark transition and CPP test (O'Hara & Co.).
Open-field test
Locomotor activity was measured using an open-field test. The open-field apparatus consisted of a cage (50 9 50 9 30 cm, O'Hara & Co.) with light gray acrylic walls, and mice were allowed to move freely in this apparatus for 60 min. The apparatus was illuminated at 100 lx on center area of this field. Total distance traveled, time spent in the center area, and the rearing were recorded using TimeOFCR4 for open-field test (O'Hara & Co.). The center area was defined as 36% of the total field.
Y-maze test
Working memory was measured using a Y-maze test. The Ymaze apparatus (O'Hara & Co.) consisted of three arms (3 cm (W) bottom and 10 cm (W) top, 40 cm (L) and 12 cm (H), O'Hara & Co.) and was positioned a height of 60 cm above the floor. In this test, each mouse was placed in the tip of one of three arms and allowed to explore freely for 5 min. The apparatus was illuminated at 100 lx. The alternation rate was calculated as the number of triads (visiting three different arms on consecutive choices) divided by the total number of arms entered minus two. The alternation rate, total distance, and total entry number were recorded using TimeYM2 for Y-maze (O'Hara & Co.).
Elevated plus maze test
The elevated plus maze consisted of two open arms (25 9 5 cm) and two closed arms (same size) with clear walls (15 cm) and positioned a height of 60 cm above the floor. The arms and central space were made of light gray plastic plate (O'Hara & Co.). The apparatus was illuminated at 100 lx. Each mouse was placed in the central space of the maze (5 9 5 cm) facing one of the open arms. The time spent in each arm, the number of entries, and the distance traveled were recorded for 10 min using TimeEP2 for elevated plus maze (O'Hara & Co.).
Rotarod test
Motor coordination and learning were validated by a rotarod test. (ROTA-ROD TREADMILL FOR MICE MK-610A, Muromachi Kikai Co., Ltd, Tokyo, Japan). The rod width size is 6 cm. The latency to fall from the rod was recorded. Six trials per day (3 9 2 trials) for 2 days were conducted, and the speed of the rotarod was increased from 4 to 40 rpm for the 5-min test.
Three-chamber social interaction test
The testing apparatus consisted of a rectangular, three-chamber box (O'Hara & Co.). Each chamber was 20 9 40 9 20 cm, and the dividing walls were made from clear Plexiglas, with small square openings (5 9 3 cm) so that the mice can move freely between each chamber. The apparatus was illuminated at 10 lx. In total, there were three sessions: (i) habituation, (ii) sociability, and (iii) preference for social novelty. In first session, two wire cages were placed on each side of chamber. A test mouse was placed in the middle chamber first and allowed to freely explore these chambers for 10 min as habituation to the field and cages. After the habituation session, an unfamiliar male mouse (C57BL/6J) that had no prior contact with the subject mice was placed in the wire cage in one of the two side chambers. The location of the stranger mice was systematically alternated between trials. Similar to first session, the test mouse was first placed in the middle chamber and allowed to move freely in the test box for 10 min to test sociability. In the third session, a second unfamiliar male mouse (C57BL/6J) was placed in the wire cage at the other side of chamber to test social novelty. In this session, the previously used stranger mouse was considered a familiar mouse. The test mouse was placed in the middle chamber and allowed to move freely in the test box for 10 min again. Time spent near the wire cages was recorded using TimeCSI1 for three-chamber social interaction test system (O'Hara & Co.).
Reciprocal social interaction test
Two mice of identical genotypes, which were previously housed in different cages, were placed in an open-field apparatus (50 9 50 9 30 cm, O'Hara & Co.) and allowed to explore freely for 10 min. The apparatus was illuminated at 10 lx. The time spent in direct interaction of each mouse was measured by handmade macro in ImageJ.
Barnes maze test
Spatial learning memory and behavioral flexibility were tested with the Barnes maze test. The circular white board (diameter: 1 m) with 12 holes equally spaced around the margin was increased 75 cm from the floor (O'Hara & Co.). A black plastic box (17 9 13 9 6 cm), which had paper cage bedding on its bottom, was positioned under one of the holes. The position of the target was consistent for a given mouse, but mice can move across randomly with visual room cues. The apparatus was illuminated at approximately 1000 lx. The board was rotated daily, and the spatial location of the target, therefore, only changed with respect to the distal visual room cues, while avoiding olfactory or proximal cues. Three trials per day were conducted for consecutive 6 days. Each trial was conducted for maximum 5 min, and when the mouse entered into the black plastic box, the trial finished. After training, the probe test was carried out without the black plastic box for 5 min. For testing reversal learning, the position of the target was changed to opposite site of the original hole. The same number of trials was conducted (4-day training and probe test). Test mice were traced by Time BCM for Barnes circular maze (O'Hara & Co.).
Prepulse inhibition (PPI) test
Sensory-motor integration was tested by a prepulse inhibition test (Watanabe et al. 2007) . The machine used for the detection of the startle reflexes (O'Hara & Co.) consisted of four standard cages placed in sound-attenuated chambers with fan ventilation. Before each testing session, acoustic stimuli and mechanical responses were calibrated using devices supplied by the manufacturer. A test session was composed of 70 trials, and each trial composed of either prepulse sounds (0, 70, 74, 78, 82 , and 86 dB), pulsed-115 dB with paired stimulus, or no prepulse-no pulse pair. Percentage PPI = {[(amplitude of trial without prepulse) -(amplitude of trial with prepulse)]/(amplitude of trial without prepulse)} 9 100.
Tail suspension test (TST)
Mice were suspended 30 cm above from the floor in a visually isolated area by adhesive tape placed approximately 1 cm from the tip of the tail. Their behavior was recorded for 6 min. Each pair of successive frames (pixels) in which the mouse moved was recorded as movement. When this measure was below a certain threshold, this behavior was judged as 'immobile'. When the area equaled or exceeded that threshold, the behavior was considered as 'moving'. 'Immobile' time periods that lasted less than a defined time threshold (2 s) were not included in the analysis (Nakajima et al. 2008) . Data acquisition and analysis were carried out by Time FZ2 for Tail suspension and Porsolt forced swim test (O'Hara & Co.).
Fear-conditioning test
The fear-conditioning test was carried out and analyzed according to previous studies (Fanselow 1986; Shoji et al. 2014) . Mice were placed in a transparent acrylic chamber (15 9 15 9 15 cm, O'Hara & Co.) with a 50 dB white noise and 30 lx illumination. In conditioning session, the conditioned stimulus (CS, 60 dB) was presented for 30 s, and then, a mild foot shock (2 s, 0.5 mA) was presented as the unconditioned stimulus (US) immediately after the CS at three times (2, 4, and 6 min). Twenty-four hours after the conditioning session, the context test was carried out in the same chamber. The cued test was conducted in the triangular box with white opaque Plexiglas (24 9 12 9 17 cm). In the first 3 min, neither a CS nor US is presented, and thereafter, CS (60 dB) is presented for the last 3 min. Images were captured at 1 frame per second. Each pair of successive frames in which the mouse moved was measured. When this measure was below a certain threshold, the freezing criterion is 20 frames, and this behavior was considered 'freezing'. When the measure equaled or exceeded the threshold, the behavior was considered 'nonfreezing'. 'Freezing' that lasted less than the defined time threshold (2 s) was not included in the analysis (Nakajima et al. 2008) . Data acquisition, control of stimuli (i.e., tones and shocks), and data analysis were carried out automatically using Time FZ2 for Contextual and cued fear-conditioning test (O'Hara & Co.).
Measurement of ultrasonic vocalizations (USVs) and axillary temperature
The homecage with a dam and her pups was moved to the experimental room at least 1 h before recording. During the test, a pup was put into a plastic beaker (8 cm diameter, 12 cm height, bottom covered with gauze) with condenser ultrasound microphone (CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany) and placed in a soundproof box. The microphone was connected to an amplifier/digitizer (UltraSoundGate416H, Avisoft Biocoustics). USVs were recorded for 5 min at a sampling rate of 250 kHz. The recorded files were transferred to SASLab Pro (Avisoft Bioacoustics, Germany) and converted to spectrograms to be counted by a trained observer blind to genotype.
Pre-and postisolation axillary temperature of pups was measured by BAT 7001H thermometer (Physitemp Instruments Inc., NJ, USA) with microprobe (IT-1E, Physitemp Instruments Inc.). The measurement of pup's axillary temperature was carried out according to a previous report (Curry et al. 2013) . A microprobe placed in the axillary region of the pup's right foreleg. Pre-isolation temperature was measured immediately after separation from dam, and then, postisolation temperature was measured after 5 min.
analysis was conducted using StatView ver 5.0 (SAS Institute, Cary, NC, USA). Data were analyzed with a two-way repeated-measures analysis of variance (ANOVA), Student's t-test, and Mann-Whitney U-test. Unless otherwise noted, the F and P values are for the genotype effect. The criterion for significance was set at P < 0.05.
Magnetic resonance imaging (MRI)
MRI experiments were carried out similarly to those previously described with slight modifications for higher resolution imaging (Ellegood et al. 2015) . A multichannel 7.0 Tesla MRI scanner (Agilent Inc., Palo Alto, CA, USA) was used to image the brain within skull. Sixteen custom-built solenoid coils were used to imaging the brain in parallel (Bock et al. 2005) .
Perfusion
Ten-to twelve-week mice were anesthetized with isoflurane (Wako pure chemical Industries. Ltd., Osaka, Japan) and perfused with 30 mL of 0.1 M PBS containing 10 U/mL heparin (Sigma-Aldrich) and 2 mM ProHance (Eisai, Tokyo, Japan) followed by 30 mL of 4% paraformaldehyde (PFA) containing 2 mM ProHance. Perfusions were carried out with a MAS-TERFLEX pumps (Cole-Parmer, Vernon Hills, IL, USA) at a rate of approximately 100 mL/h. After perfusion, mice were decapitated and the skin, lower jaw, ears, and the cartilaginous nose tip were removed. The brain and remaining skull structures were incubated in 4% PFA and 2 mM ProHance overnight at 4°C and then transferred to 0.1 M PBS containing 2 mM ProHance and 0.02% sodium azide for at least 7 days before MRI scanning.
Anatomical imaging-volume changes
Parameters for the anatomical MRI scans: T2-weighted, 3D fast spin-echo sequence, with a cylindrical acquisition of kspace (Nieman et al. 2006) , and with a TR of 350 ms, and TEs of 12 ms per echo for six echos, field of view of 20 9 20 9 25 mm 3 matrix size = 504 9 504 9 630 giving an image with 0.040 mm isotropic voxels. Total imaging time was 14 h.
MRI image registration and analysis
To visualize and compare any changes in the mouse brains, the images are linearly (a six parameter followed by a 12 parameter) and nonlinearly registered together. All scans are then resampled with the appropriate transform and averaged to create a population atlas representing the average anatomy of the given study sample. The result of the registration is to have all scans deformed into alignment with each other in an unbiased fashion. This allows for the analysis of the deformations needed to take each mouse's anatomy into this final atlas space, with the goal being to model how the deformation fields relate to genotype (Nieman et al. 2006; Lerch et al. 2008) . The jacobian determinants of the deformation fields are then used as measures of volume at each individual voxel. Significant volume changes can then be calculated by warping a pre-existing classified MRI atlas onto the population atlas, which allows for the volume of 62 segmented structures encompassing cortical lobes, large white matter structures (i.e., corpus callosum), ventricles, cerebellum, brain stem, and olfactory bulbs (Dorr et al. 2008) to be assessed in all brains. An additional atlas consisting of 159 different regions, which further divides up the cortex and cerebellum (Ullmann et al. 2013; Steadman et al. 2014) , was also used to look for regional differences. Furthermore, these measurements can be examined on a voxel-wise basis to localize the differences found within regions or across the brain. Multiple comparisons in this study were controlled for using the false discovery rate (Genovese et al. 2002) .
